Introduction {#sec1}
============

The sequential layer-by-layer (LbL) assembly is one of the most facile and versatile techniques for thin-film fabrication.^[@ref1]−[@ref3]^ It is normally based on electrostatic interactions between the components but, for example, hydrogen bonding, coordination or covalent bonding, host--guest, charge transfer, and biological interactions have also been used. It does not require sophisticated experimental setups or strictly controlled ambient conditions and, in its simplest form called dip-LbL, it can be carried out simply by dipping the substrate successively into dilute solutions of the components. The thickness of the formed film is usually in the range of ca. 10--100 nm. In very thin multilayers, the film properties are governed by the substrate--film (zone I) and the film--ambient (zone III) interfaces, while the bulk of the film (zone II) dominates in thick multilayers.^[@ref4]^

Thick multilayers usually require hundreds of layers, which can be very time-consuming, and a rapid and facile fabrication of thick LbL films is one of the challenges in the field.^[@ref5]^ There are, basically, two major approaches for the generation of thick films using the LbL technique. First, the time required for the assembly of an individual layer can be decreased. While 10--30 min per layer are required in the traditional dip-LbL, this time can be cut down even by a factor of 100 by using the spin-assisted LbL,^[@ref6]^ spray-assisted LbL,^[@ref7]^ or spin- and spray-assisted LbL^[@ref8]^ techniques. Even though the assembled individual layers are thin, the greatly increased assembly rate allows the generation of films with hundreds of layers in a few hours. Second, the thickness of individual layers may be increased. In special cases, this can be done by a careful control of the solution pH or a selection of the counterions.^[@ref9]−[@ref12]^ A more general approach is to use polyelectrolytes that give rise to an exponential growth of the multilayer, caused by a vertical diffusion of some component in and out of the film during the assembly process.^[@ref13]^ For conventional polyanion--polycation pairs, the change from the linear to the exponential regime can be effected by an increase of the deposition temperature^[@ref5],[@ref14]^ or ionic strength.^[@ref15],[@ref16]^ In fact, LbL films formed from polyelectrolytes (polyelectrolyte multilayers, PEMs) generally exhibit exponential growth in the beginning of the build-up process, and the transition to the linear growth occurs at some thickness because of a restricted diffusion within the bulk of the film.^[@ref14],[@ref17]^ Most polyelectrolyte pairs exhibiting enhanced exponential growth at room temperature are biological polyelectrolytes, which may not be appropriate for special applications or are susceptible to chemical or biological degradation. Another approach to thick LbL films with only a few layers utilizes preformed polyelectrolyte complexes as components.^[@ref18]^ Charged platelike particles, for example, montmorillonite (MTM) clay sheets, may offer an alternative rapid route to thick multilayers, and a special three-component system consisting of poly(ethyleneimine) (PEI), poly(acrylic acid) (PAA), and MTM has been shown to exhibit exponential growth.^[@ref19]^ The dip-LbL technique generally leads to a larger film thickness than the other LbL techniques, which usually follow the linear growth mode.^[@ref20]^ However, exponential growth has also been observed during spray-assisted LbL.^[@ref21]^

Another challenge with LbL films is the control of their mechanical properties. They play an important role in many applications and, for example, in electronics hard and maximally durable films may be required, whereas soft multilayers are preferable in biorelated applications. The mechanical properties can be modulated, for example, by the use of stiff polyelectrolytes, incorporation of nanoobjects (particles, sheets, and fibers), changing the assembly pH or ionic strength, and by chemical or photochemical cross-linking.^[@ref22]^ Graphene oxide (GO) single or few-layer sheets can be easily produced in large quantities and, although weaker than graphene itself, GO is still a strong high-modulus material.^[@ref23]^ GO sheets have been used in polymer composites and LbL films, and they can significantly stiffen the matrix material already at a low weight fraction.^[@ref24]−[@ref27]^ This is a general phenomenon in all graphene-based polymer nanocomposites, and the percolation threshold for randomly oriented sheets is usually very low, of the order of 1 w/w %.^[@ref28],[@ref29]^ The mechanical properties of thin films can be conveniently studied using quartz crystal resonators (QCRs). A widely used technique is based on the measurement of the energy dissipation of a QCR microbalance covered with a film (QCM-D).^[@ref30]−[@ref32]^ On the other hand, we have shown that the measurement of the local acoustic impedance on the film/resonator interface (ζ~0~) is an excellent model-independent method for the characterization of the viscoelastic properties of growing films.^[@ref9],[@ref10],[@ref33]−[@ref35]^ The local acoustic impedance is a complex quantity (ζ~0~ = ζ~0~^′^ + jζ~0~^″^), which is given in units of Rayls (1 Rayl = 1 kg m^--2^ s^--1^). A key parameter describing the mechanical properties of a soft film is the complex shear modulus *G*~f~ = *G*~f~^′^ + j*G*~f~^″^, where the real part *G*~f~^′^ is the storage modulus and the imaginary part *G*~f~^″^ is the loss modulus. The shear modulus and the film mass can be obtained from the surface acoustic impedance data measured during the film formation. However, the viscoelasticity of the film (and the fluid it is immersed in) affects the frequency of the quartz resonator and causes a deviation from the classic Sauerbrey equation.^[@ref36],[@ref37]^ In this case, the areal mass density of the film on the resonator surface (*m*) can be calculated using the medium-corrected Sauerbrey equation, which, for an elastic film in contact with a low-viscosity Newtonian fluid, can be approximated bywhere ω is the nominal angular frequency of the resonator and ΔIm(ζ~0~) is the change in the imaginary part of the surface acoustic impedance.^[@ref14]^

The third challenge is to introduce functionality into the LbL films. Redox active, ion-responsive, and enzyme-containing multilayers are well-known,^[@ref1]^ but relatively little attention has been paid to chemically reactive films, in which the film components themselves take part in a chemical reaction. We have studied oxidative \[polyphosphate(PP)/Ce\] multilayers consisting of Ce(IV) and PP, which allow an electroless polymerization of monomers, such as pyrrole (Py), aniline, 3,4-ethylenedioxythiophene (EDOT), or 5,6-dihydroxyindole, to conducting polymer or melanin-type films on their surface.^[@ref38]−[@ref40]^ Cerium acts as an oxidant in these films, but it also brings resilience to the film structure. In these oxidative multilayers, the limiting factor is the amount of oxidants in the film. Therefore, in order to obtain higher oxidizing capacity and improve the mechanical properties of the film, we have studied the effect of introducing GO sheets into the film. In this work, we show that replacing every second PP layer in a (PP/Ce) multilayer with GO sheets enhances the film growth in dip-LbL. The multilayers remain oxidatively active and generate thick electroactive conducting polymer films on their surface. The GO sheets affect the growth and reactions of oxidative multilayers, enhance the elasticity of the films, and bring about a clear terminating layer effect. In addition, both the (PP/Ce) and (GO/Ce/PP/Ce) LbL films represent rather little studied metal-polymer LbL multilayers based on metal coordination bonds,^[@ref41]−[@ref46]^ and this work yields more insight into the structure and properties of such films.

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

Sodium chloride (J. T. Baker), sodium nitrate (Riedel-de Haën), potassium permanganate (Merck), cerium(IV)ammonium nitrate (Alfa Aesar), natural graphite flakes (mesh 325, 99.8%; Alfa Aesar), *N*-trimethoxysilylpropyl-*N*,*N*,*N*-trimethylammonium chloride (TMSPA, 50% in methanol, ABCR), methanol (J. T. Baker and Sigma-Aldrich), sulfuric acid (J. T. Baker and Sigma-Aldrich), Py (Aldrich), 3,4-ethylene dioxythiophene (Bayer), 2-mercaptoethylamine (Sigma), and hydrogen peroxide (30%, J. T. Baker) were used as received. Potassium polyphosphate (99.8%, ABCR, *M*~w~ ≈ 2 MDa) was washed with water and dried in oven to remove any residual phosphoric acid. GO was prepared from graphite by using the modified Hummers method (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02784/suppl_file/la8b02784_si_001.pdf) for details).^[@ref47]^ All aqueous solutions were prepared using water distilled twice in quartz vessels. Glass substrates were cut from microscope slides (Menzel-Gläser) and silicon substrates from phosphorus-doped Si(100) wafers (Okmetic, Finland).

Layer-By-Layer Film Fabrication {#sec2.2}
-------------------------------

Thin films were formed on microscope glasses, quartz cuvette walls, and silicon wafers. Substrates were cleaned in a Piranha solution (a 3:1 volume ratio of H~2~SO~4~ and 30% H~2~O~2~; **CAUTION**---Piranha is highly corrosive and generates heat; it reacts violently with organic materials and should not be stored in tightly closed vessels) and rinsed with water. After drying in oven, the substrates were immersed for a few minutes in a 5% TMSPA methanol solution and washed with methanol and water in order to form a positively charged surface on the substrates. In the LbL self-assembly, 10 mM cerium ammonium nitrate and 10 mM PP (a fresh solution in order to minimize the effect of hydrolysis, containing 0.1 M NaCl, stirred overnight before use)^[@ref38]−[@ref40]^ aqueous solutions, and a 0.15 mg/mL GO aqueous suspension were used. For spectroscopic (on the walls of a quartz cuvette; all reported absorbance values refer to one wall only) and thickness measurements, the substrates (aminosilanized quartz and silicon wafer) were successively covered with the component solutions for 15 min and rinsed with water between the layers for 6--8 min. The films studied using quartz crystal impedance were similarly deposited on 2-mercaptoethyl amine-treated gold-plated quartz crystals in a flow-through cell either manually (thin films) or using a house-made automatic LbL and QC impedance system (thick films; washing time 100 s).

Polymerization of Py and EDOT {#sec2.3}
-----------------------------

Py or EDOT were used as 10 mM aqueous solutions with pH adjusted to 1.5 with sulfuric acid. The prepared (PP/Ce) and (GO/Ce/PP/Ce) multilayers were immersed in the monomer solutions, and the polymerization and cerium(IV) reduction were monitored using UV--vis spectroscopy.

Film Characterization {#sec2.4}
---------------------

Optical spectra were measured using a Hewlett-Packard 8453 diode array spectrophotometer. The atomic force microscopy (AFM) images were recorded using a diCaliber AFM microscope (diCaliber, Bruker) in the tapping mode. The thickness of the dry films was measured with AFM by making a narrow slit through the film and measuring the step height at several (\>20) locations. The apparatus for the automatic LbL formation and surface acoustic impedance measurements with a QCR (LbL-QCR system) and the techniques used to treat the data have been previously described in a series of papers and reviews.^[@ref33],[@ref36],[@ref48]−[@ref50]^ The AT cut 10 MHz QCRs had a 100 nm gold plating (Lap-Tech, Inc., South Bowmanville, Ontario). The X-ray photoelectron spectra (XPS) were recorded as described previously.^[@ref38]^ The polarization modulation infrared reflection-absorption spectra (PM-IRRAS) were recorded on the Nexus 870 FTIR spectrometer (Nicolet) equipped with a liquid nitrogen cooled mercury--cadmium--telluride (MCT-A) detector and a PEM-90 photoelastic modulator (HINDS Instruments); see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02784/suppl_file/la8b02784_si_001.pdf) for details.

Results and Discussions {#sec3}
=======================

From PP/Ce to GO/Ce/PP/Ce Multilayers {#sec3.1}
-------------------------------------

We have previously reported detailed studies on the application of oxidative PP--Ce(IV) (PP/Ce) multilayers as general oxidative platforms and characterized their mechanical properties and chemical nature.^[@ref38],[@ref39]^ On the other hand, not much is known about their structure. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the changes in the spectrum and areal mass density (calculated using [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}) of a (PP/Ce) film during the build-up process. Both display an exponential growth in the beginning, as reported earlier.^[@ref38]^ The film mass increase is considerably higher upon adsorption of a PP layer than after a Ce layer, but PP addition leads only to negligible changes in the spectra, so that the multilayer spectra can be attributed to cerium species in the film. On the other hand, the aqueous solutions of Ce(IV) display very high molar absorptivity below 250 nm and a shift in the maximum around 300 nm, which implies a different coordination environment of cerium in the films. Unfortunately, this also prevents the use of the aqueous Ce(IV) spectrum for the quantification of cerium in the film.

![Growth of absorbance and areal mass density (inset) during the build-up of a (PP/Ce) multilayer. In spectra, solid and dashed lines correspond to Ce and PP as the outermost layer, respectively (same color for the *i*th PP and Ce layer); in mass, even and odd layers are Ce and PP, respectively. The first layer is PP in both cases.](la-2018-02784t_0001){#fig1}

Introduction of 2-dimensional components in polyelectrolyte multilayers has often been shown to greatly influence their structure and properties.^[@ref19],[@ref51]−[@ref56]^ In order to increase the oxidation capacity of the (PP/Ce) films, we replaced every second PP layer with a layer of GO sheets. The schematic structures of a (PP/Ce) multilayer and that of the resulting three-component (GO/Ce/PP/Ce) multilayer are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. It can be seen that both films contain the sequence Ce/PP/Ce as a common repeating unit, which allows us to describe the three-component film as a two-component one consisting of alternating GO and Ce/PP/Ce strata.

![Schematic comparison of the (PP/Ce) and (GO/Ce/PP/Ce) multilayers. No effort is made to show the actual thickness or structure of the individual layers.](la-2018-02784t_0002){#fig2}

The initial growth of the three-component multilayer on an aminosilanized wall of a quartz cuvette was followed spectrophotometrically ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). The plot of absorbance at the spectral maximum (inset of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a) shows that the film growth is clearly exponential, and the thickness of a dry film, measured using AFM, approaches 300 nm already after the deposition of a few GO/Ce/PP/Ce tetralayers. In its hydrated, swollen state, the film should be even thicker. At the wavelength of the absorbance maximum, Ce(IV) is the major contributor to the absorbance, especially after a PP layer. On the other hand, the addition of a GO layer has only a small effect, and PP actually decreases the absorbance. The spectra of (PP/Ce) multilayers show that PP is spectrally invisible and the decrease of absorbance indicates a loss of material from the film upon PP adsorption.

![Growth of the (GO/Ce/PP/Ce)~*n*~ (*n* = 0.25--5) multilayer. (a) Spectral changes upon deposition on one wall of a quartz cuvette (first layer GO). The inset shows the absorbance (solid line is a guide to the eye only) as a function of the number of tetralayers and the thickness of the dry film (on Si) determined by AFM (error bars represent standard deviations of at least 20 measurements, solid line is an exponential fit to data); (b) film mass changes during the deposition process on a Au-plated QCR (first layer PP). Red and green symbols indicate a Ce layer after GO and PP, respectively (solid line is a guide to the eye). The inset shows the mass fraction of GO in the *i*th tetralayer.](la-2018-02784t_0003){#fig3}

An independent and a more profound characterization of the growing multilayer is obtained by following the surface acoustic impedance of the film in situ (under water) with a QCR in a flow-through cell. These measurements provide data on the mechanical properties of the film and its approximate mass. The film areal mass changes, measured during the deposition of layers on a gold-plated QCR, are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b, and confirm the exponential growth when the number of tetralayers is small. After ca. two tetralayers, the Ce layers make the major contribution to the film mass, which is in accordance with their contribution to the absorbance. However, it is contrary to the (PP/Ce) multilayers, with which the largest mass increase followed the PP layer adsorption. Deposition of Ce on top of a PP layer results in a higher mass increase than its deposition on a GO layer, which can be attributed to a higher amount of ionized groups in a PP layer. The mass detected by the QCR includes also hydration water in the film, and it is not possible to unambiguously estimate the amount of any single component. However, the polymerization experiments discussed later show an improved oxidation capacity of the (PP/Ce/GO/Ce) multilayers, proving an increased oxidant content. On the other hand, the contribution of GO to the film mass is highest in the two first tetralayers but decreases significantly after that. PP, with no absorbance or scattering effect in this spectral range, decreases the film absorbance ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a and [S12](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02784/suppl_file/la8b02784_si_001.pdf)), and the mass change upon a PP layer deposition is very small or even negative. This verifies the previous conclusion that it removes part of the previously deposited film, which is also seen in the mass density changes as a function of time ([Figure S17](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02784/suppl_file/la8b02784_si_001.pdf)). This kind of behavior is well-known with polyelectrolyte multilayers prepared by dip-LbL, especially when the components are rather different from each other.^[@ref57]^ The effect of water rinsing after the layer adsorption is small in all cases ([Figure S17](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02784/suppl_file/la8b02784_si_001.pdf)). It is interesting to note that the estimated density of the film is quite high and shows a decrease from ca. 6 g cm^--3^ (close to that of Ce) to ca. 1.8 g cm^--3^ (close to that of GO) when the number of tetralayers increases from 1 to 5 ([Figure S18](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02784/suppl_file/la8b02784_si_001.pdf)). However, although the trend in density is clear, the actual values should be viewed with great care because they depend on measurements of samples on different substrates and using the film thickness of dry films and the areal mass density of hydrated films.

The composition of the (GO/Ce/PP/Ce) multilayers is important for their properties, but direct information about the amount of different components in the film is difficult to obtain. The absorption maximum of Ce(IV) at ca. 300 nm overlaps with the shoulder of the GO spectrum, but the main absorbance maximum of GO is at 230 nm. Unfortunately, the ratio of these two GO bands depends on the aggregation of the GO platelets ([Figures S6 and S7](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02784/suppl_file/la8b02784_si_001.pdf)) because the 230 nm band corresponds to a π → π\* transition, while the other one is attributed to the attached carboxylate groups.^[@ref58]^ However, above ca. 250 nm, the effect of aggregation is insignificant, and in this range, we can use the mass absorption coefficient of an aqueous GO dispersion to analyze the film composition. In this analysis, we describe the (GO/Ce/PP/Ce) multilayer as being composed of the GO and Ce/PP/Ce strata using the estimated mass absorptivity of the *i*th Ce/PP/Ce sequence units (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02784/suppl_file/la8b02784_si_001.pdf) for details). The calculated mass absorptivity for the Ce/PP/Ce sequence decreases with the stratum number, showing a change upon the transition from the exponential to the linear growth regime ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02784/suppl_file/la8b02784_si_001.pdf)). This can be attributed to the higher hydration in thicker films, and it necessitates the use of a different mass absorptivity at different positions of the film in the analysis of the growth of the (GO/Ce/PP/Ce) multilayers. The effect of scattering (in addition to that possibly present in the spectrum of the GO dispersion) can be assumed to be small because the addition of GO brings about only small changes in the spectra. This conclusion is further supported by the good agreement between the observed and calculated film spectra ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02784/suppl_file/la8b02784_si_001.pdf)). The obtained mass fractions *m*~GO~^(*i*)^ of GO in the *i*th tetralayer (*m*~GO~^(*i*)^/*m*~obs,tot~^(*i*)^, where *m*~obs,tot~^(*i*)^ is the observed mass of the *i*th tetralayer) of the (GO/Ce/PP/Ce) multilayer are shown in the inset of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b. Initially, GO is the major component, but its mass fraction rapidly falls to ca. 0.1--0.15 in the tetralayers, indicating that Ce and PP are the major components in thicker (GO/Ce/PP/Ce) films. However, the GO fraction is well above the reported percolation threshold values, which suggests that the GO sheets form a continuous support structure within the films. Comparison of the (PP/Ce)~10~ and (PP/Ce/GO/Ce)~5~ multilayers, which both contain the same number of Ce layers, shows that replacing every second PP layer with GO leads to an approximately twofold increase in the areal mass density. Interestingly, LbL multilayers could also be obtained from GO and cerium(IV) only, but the optical thickness of these films was only 5--10% of the GO/Ce/PP/Ce multilayers containing the same number of GO and Ce layers ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02784/suppl_file/la8b02784_si_001.pdf)), probably because of the effective barrier formed by the GO layers in this case. Therefore, it is the combination of the GO and PP layers that gives rise to the enhanced growth.

According to the XPS analysis, the GO sample used in this work can be described by a formula C~2.25~O, neglecting hydrogen and any small impurities.^[@ref59]^ This C/O atomic ratio is well in accordance with other reports of GO prepared similarly.^[@ref60]^ In this case, one hexagon in the GO lattice corresponds to the formula C~2~O~0.89~. Using the areal mass densities of GO in different tetralayers, obtained from the analysis above, we can estimate that there are ca. 28, 11, 36, and 68 nmol cm^--2^ of hexagons in the first, second, third, and fourth tetralayer, respectively. Therefore, even though the GO mass fraction decreases beyond the first tetralayer, its absolute amount increases from the second tetralayer onward. All the results suggest that substrate effects die out after the first tetralayer, that is, the zone I is more or less limited to this region of the film. GO does not have a well-defined two-dimensional lattice but, using the hexagon area of the graphene lattice (ca. 0.05 nm^2^), we can estimate the GO (hexagon) coverages to be 1--2 orders of magnitude above the monolayer coverage. Unfortunately, there is no reliable way to estimate the relative amounts of phosphate and Ce (and hydration water) in the film, but their combined mass exceeds that of GO. In the (PP/Ce) multilayers, the XPS spectra indicated a Ce/P atomic ratio of 4.5:1, much higher than in cerium phosphates,^[@ref61]^ suggesting the incorporation of free Ce(IV) aqua ions in the film.^[@ref38]^ This was supported by the Ce 3d spectra, which showed the presence of CeO~2~ in the dried film. Therefore, it is reasonable to assume that there are unbound cerium ions also in the (GO/Ce/PP/Ce) multilayers, in spite of cerium atoms binding to the oxygen-bearing functional groups in the GO sheets. The aqua complexes also account for the mobility of the cerium ions postulated previously but,^[@ref38]^ in the three-component multilayers, the GO sheets may partially block their diffusion.

The AFM images of the surface morphology of the (GO/Ce/PP/Ce) films are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} (see also [S14 and S15](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02784/suppl_file/la8b02784_si_001.pdf)). The GO platelets adsorbed on an aminosilanized silicon wafer ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a) are lying flat on the surface but may be covered by other sheets (notice that the topmost sheet is actually folded). The thickness of the individual sheets is ca. 1.1 nm, which indicates that they represent predominantly monolayer GO.^[@ref51],[@ref53],[@ref62],[@ref63]^ The addition of Ce and PP layers softens the contours of the GO sheets, but they are still visible with ca. 1--2 nm edges. However, in thicker films, the GO sheets are no longer visible, and the film surface becomes very rugged. The root-mean-square (rms) surface roughness (measured from the 10 μm × 10 μm AFM images) rapidly increases with the number of tetralayers (*n*), and the height differences on the surface increase from few nanometers (*n* = 0.75 and 1.25) to several tens of nanometers ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e,f). This is completely different from (PP/Ce) multilayers, which displayed a smooth globular morphology with roughness values of the order of 1 nm.^[@ref38]^ This suggests that the (GO/Ce/PP/Ce) multilayers are not stratified structures but resemble composite materials with a random orientation of the GO sheets after the initial tetralayers. On the other hand, in a thin film, the adsorbed outer GO layer effectively masks the underlying layers, as only a weak P 2p band (at 134 eV) and no Ce 3d signals (at 880--920 eV) are observed in the XPS spectrum ([Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02784/suppl_file/la8b02784_si_001.pdf)), which supports its role as a barrier.

![AFM images of thin multilayers (number of tetralayers in parenthesis, note different scales in figures; the 10 × 10 μm^2^ images of all films shown in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02784/suppl_file/la8b02784_si_001.pdf)). (a) Si/GO (*n* = 0.25); (b) Si/GO/Ce/PP (*n* = 0.75); (c) Si/(GO/Ce/PP/Ce)/GO (*n* = 1.25); (d) Si/(GO/Ce/PP/Ce)~4~ (*n* = 4); (e) surface height profiles of the 10 × 10 μm^2^ images (from corner to corner) of films with different numbers of tetralayers (from below 0.25, 0.75, 1.25, 2, 3, 4, and 5); the curves are vertically shifted for clarity; (f) the evolution of the rms surface roughness as a function of the number of tetralayers; the line is a guide to the eye, representing a second-order fit to data.](la-2018-02784t_0004){#fig4}

Mechanical Properties of (PP/Ce/GO/Ce) Films {#sec3.2}
--------------------------------------------

In order to study the mechanical properties of the three-component multilayers, the automatic LbL--QCR system was used to grow a 40 tetralayer thick (PP/Ce/GO/Ce) multilayer and characterize its mechanical properties in situ. The areal mass density of the film ([Figure S19](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02784/suppl_file/la8b02784_si_001.pdf)), calculated from [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, shows an initial exponential growth during the 4--5 tetralayers with Ce as the major component, similar to [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b. After that, the growth slows down and seems to attain a maximum after ca. 10 tetralayers. However, [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} is a first-order approximation that holds only for relatively thin films and is not valid with these thick multilayers. After ca. 10 tetralayers, the imaginary part of the surface acoustic impedance reaches a maximum, which is followed by a series of minima and maxima. The same happens also with the real part ([Figure S20](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02784/suppl_file/la8b02784_si_001.pdf)). These extremes represent acoustic film resonances and indicate that the film thickness has reached the quarter of the wavelength of the shear wave in the material.^[@ref49]^ The maxima are repeated approximately at every odd multiple of the quarter wavelength, until the wave is finally attenuated. It is noteworthy that over 150 bilayers are required to reach acoustic film resonance with poly(styrene sulfonate) (PSS)/poly(diallyl dimethylammonium) (PDADMA) (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} for the acronyms) multilayers.^[@ref10],[@ref33]^

###### Estimated Complex Shear Moduli and Loss Angle of Some LbL Multilayers (at 10 MHz)[a](#t1fn1){ref-type="table-fn"}

  multilayer                                                                          *G*′ (MPa)                                *G*″ (MPa)                              δ (deg)
  ----------------------------------------------------------------------------------- ----------------------------------------- --------------------------------------- ----------------------------------------
  PSS/PDADMA[b](#t1fn2){ref-type="table-fn"}^,^[e](#t1fn5){ref-type="table-fn"}       130                                       70                                      27
  CHI/HA[c](#t1fn3){ref-type="table-fn"}^,^[e](#t1fn5){ref-type="table-fn"}           1.7                                       2.4                                     55
  PAH/HA[c](#t1fn3){ref-type="table-fn"}^,^[e](#t1fn5){ref-type="table-fn"}           1.0                                       1.4                                     55
  CHI/HA/CHI/PAA[c](#t1fn3){ref-type="table-fn"}^,^[e](#t1fn5){ref-type="table-fn"}   156                                       51                                      18
  PP/Ce[d](#t1fn4){ref-type="table-fn"}^,^[f](#t1fn6){ref-type="table-fn"}            9                                         9                                       47
  PP/Ce/GO/Ce[f](#t1fn6){ref-type="table-fn"}^,^[g](#t1fn7){ref-type="table-fn"}      22 (20)[h](#t1fn8){ref-type="table-fn"}   9 (1)[h](#t1fn8){ref-type="table-fn"}   22 (2)[h](#t1fn8){ref-type="table-fn"}

Acronyms: PSS, poly(styrene sulfonate); PDADMA, poly(diallyl dimethylammonium); CHI, chitosan; HA; hyaluronic acid; PAH, poly(allyl amine); PAA, poly(acrylic acid).

From ref ([@ref33]).

Based on data in refs ([@ref35]) and ([@ref49]).

Based on data in ref ([@ref38]).

Calculated using density of 1200 kg m^--3^.

Using density of 1500 kg m^--3^.

±1 MPa.

PP-terminated film.

A more informative figure is obtained by plotting the imaginary part of the surface acoustic impedance as a function of its real part in the form of an Argand diagram ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). The diagram depicts an impedance spiral, which should converge at a point corresponding to the bulk acoustic impedance of the film material.^[@ref49]^ This point lies on the polar line, which extends from origo to the vertical tangential point of the spiral and forms an angle δ/2 with the real axis, δ being the loss angle (tan δ = *G*″/*G*′). The fit of the acoustic impedance data to the mathematical model previously presented should yield the mechanical properties of the film.

![Argand diagram of the real and imaginary parts of the acoustic impedance during the fabrication of a (PP/Ce/GO/Ce)~40~ multilayer (first layer PP). The inset shows a close-up of the spiral section. Color coding refers to the terminating layer as in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. Approximate polar lines are drawn for the Ce- or GO-terminated and for the PP-terminated films (dashed and dotted line, respectively).](la-2018-02784t_0005){#fig5}

However, the diagram in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} presents some strange features when compared to those obtained with other multilayers. Depending on the terminating layer, data form several spirals. Those corresponding to Ce or GO as the outermost layer are, however, superimposed within experimental error, but with PP as the terminating layer, the curve clearly deviates from others. Two separate spirals without a common convergence point suggest that exponential growth with effective in-film diffusion continues still in these thick films, and the nature of the whole film depends on the last layer.^[@ref49]^ However, the slope of the curve before the imaginary maximum is extraordinarily low,^[@ref49]^ and fitting data to the theoretical model has not been successful. The theory assumes that the properties of the film bulk remain unchanged during the build-up process. The analysis presented above suggests that the film structure and composition change with thickness, and we attribute the deviation from the theory to these changes. In spite of this, the surface acoustic impedance *Z*~f~ should approach the bulk acoustic impedance of the film material when the thickness increases and is given by the convergence point of the impedance spiral. Both spirals in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} tend to converge to values, which can be used to estimate *Z*~f~. It is related to the film density and its complex shear modulus by a simple [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}

Some common polyelectrolyte multilayers studied using surface acoustic impedance yield modulus values for comparison ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The complex shear modulus of a PSS/PDADMA (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} for the acronyms here and below) multilayer indicates a rather stiff (\|*G*\| ≈ 150 MPa) and elastic (*G*′ ≫ *G*″) film.^[@ref33]^ On the other hand, (CHI/HA) and (PAH/HA) multilayers are much softer with the shear moduli of ca. \|*G*\| ≈ 2.8 MPa and \|*G*\| ≈ 1.7 MPa, respectively, and more viscous (*G*′ \< *G*″).^[@ref35],[@ref49]^ The low magnitude of the shear moduli, together with high loss moduli and, consequently, a loss angle above 45°, indicate hydrogel-like films. In fact, the CHI/HA and PAH/HA films exhibit fully exponential growth because the polycation in both multilayers can diffuse deep into the film.^[@ref35]^ Interestingly, replacing every second HA layer with PAA greatly increases the stiffness (\|*G*\| ≈ 164 MPa) and elasticity (*G*′ ≫ *G*″) of (CHI/HA) multilayers (the moduli values given refer specifically to zone II in this case; zone III is always much softer and more viscous), which was attributed to the cross-linking of the CHI chains by PAA. For the (PP/Ce/GO/Ce) multilayer, when either GO or Ce is the terminating layer, the bulk acoustic impedance can be estimated to be ca. *Z*~f~ ≈ (184 ± 3) kRayl + j(35 ± 3) kRayl. Assuming the density of the film to be higher, ca. 1500 kg m^--3^ in this case, leads to a shear modulus of \|*G*\| ≈ 24 MPa with *G*′ ≫ *G*″, representing a relatively soft elastic film. On the other hand, the Argand spiral for the PP terminated films suggests a shear modulus of ca. \|*G*\| ≈ 20 MPa and *G*′ ≫ *G*″ ≈ 0, that is, representing an almost pure soft elastomer. This implies that the Young's moduli of these films are of the order of 60--70 MPa, assuming the films to be isotropic and nearly purely elastic. By comparison, for (PP/Ce) multilayers, we obtain from previous results (assuming film density of 1500 kg m^--3^)^[@ref38]^ a shear modulus of \|*G*\| ≈ 13 MPa and *G*′ ≈ *G*″, which represents a soft elastic material with a viscous nature resembling that of the multilayers prepared from biological polyelectrolytes. Therefore, the behavior of the (PP/Ce) and (GO/Ce/PP/Ce) films is analogous to that of the (CHI/HA) and (CHI/HA/CHI/PAA) multilayers, although the effect is much larger in the latter case, probably because of a better intermixing of the components.

Most LbL films rely on electrostatic interactions between the components.^[@ref1]−[@ref3]^ However, inorganic PP is a biomolecule that can be cross-linked by metal cations, as it forms strong complexes, especially with transition metals.^[@ref64],[@ref65]^ Cross-linking by reversible metal--ligand coordination bonds stiffens polymeric materials but leaves them relatively soft.^[@ref66]^ An important example concerns the stiffening of catechol-containing polymers and peptides by Fe(III)-mediated cross-linking.^[@ref67],[@ref68]^ Adsorption of metal ions on GO has been shown to take place preferentially by an entropy-driven complex formation between metals and the surface carboxylate and hydroxyl groups.^[@ref69],[@ref70]^ The addition of complexing metal ions in a GO paper substantially improves its mechanical properties by cross-linking the GO sheets together.^[@ref71]^ Analysis of a GO--Zr--phosphate nanocomposite shows that the metal forms complexes with the phosphate anion and the oxygen groups on GO, and the phosphate can further bind metals from solution.^[@ref72]^ Specifically, cerium forms complexes on oxygen-bearing functionalities on the GO surface in GO--CeO~2~ composites.^[@ref73]^ These results support the conclusion that the (GO/Ce/PP/Ce) and (PP/Ce) multilayers are based on complex formation, that is, coordination bonds between various oxygen ligands and Ce(IV) ions. An important property of such flexible transition-metal coordination networks is their ability to self-assemble and tend toward an equilibrium structure. The (PP/Ce) films represent such coordinatively cross-linked polymers, which try to minimize their surface, remain soft and exhibit high losses, but are strengthened because of cross-linking. In general, the viscoelastic behavior is dependent on the experimental time scale. In the frequency range of the QCR, the viscous nature must be attributed to the PP chain deformations because the time scale of coordinative rearrangement is in the millisecond range or above.^[@ref68]^

The GO sheets do not form lamellar layers within the (GO/Ce/PP/Ce) multilayers but appear to be randomly oriented, forming a network of platelets in the PP/Ce matrix. The mechanical consequences of an analogous behavior have been observed in many different cases. The collageneous tissue in the sea cucumber dermis contains collagen fibrils, which can link together and increase the stiffness and elasticity of the tissue.^[@ref74]^ An artificial analogue imitating the biomaterial has been prepared using rubbery polymer and cellulose nanofibers, in which hydration controls the interfiber interactions and, thereby, the stiffness of the composite.^[@ref75]^ In the LbL films prepared from rigid cellulose nanocrystals and GO sheets, the advantageous mechanical properties of both components could be combined.^[@ref63]^ A small increase in film stiffness was observed also with PEI/PAA films when every second PAA layer was substituted for a MTM platelet layer.^[@ref19]^ On the other hand, substitution of every second PSS layer for GO in (PAH/PSS) multilayers significantly improved their elastic modulus and produced very smooth films.^[@ref53]^ Similarly, introducing GO by means of the Langmuir--Blodgett technique in PAH/PSS multilayers increased their Young's modulus.^[@ref51]^ GO sheets significantly stiffen polymer nanocomposites already at a low weight fraction, and the percolation threshold for randomly oriented sheets is quite low.^[@ref24],[@ref28],[@ref29]^

Summarizing, the (GO/Ce/PP/Ce) multilayer can be regarded as a (PP/Ce) matrix reinforced with randomly deposited GO sheets ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). The replacement of every second PP layer with GO influences mainly the film elasticity, approximately doubling the storage modulus, while the loss modulus is unaffected. The mechanical energy losses in both types of multilayers must be attributed to the PP/Ce matrix, but the network of strong elastic GO sheets increases the elasticity of the film. On the other hand, PP termination in (PP/Ce/GO/Ce) multilayers almost totally removes mechanical losses without markedly affecting the elasticity. The moduli of the (GO/Ce/PP/Ce) multilayer are similar to those of metallopolymer films above their glass transition temperature.^[@ref76]^ We tentatively attribute the diminished losses in the PP-terminated films to two factors. First, PP removes loosely bound material from the film surface, thereby decreasing the viscous drag at the film--solution interface. Second, PP chains probably can diffuse into the film, binding free Ce(IV) ions, filling holes, covering the sheets, and expelling water, thereby stiffening the PP/Ce matrix. The GO/Ce bicomponent films were not stable and could be rinsed away from the surface, showing them to be quite brittle, but in the three-component films, PP glues the components together. Upon deformation, the GO sheet network bound to the PP/Ce matrix acts as a spring system, which stores elastic energy. As the film grows the randomness of the GO deposition morphology increases after every tetralayer, which also leads to a very rough surface morphology. As the (PP/Ce) films are very smooth, this roughening must be attributed to the disorientation, aggregation, crumpling, and folding of the GO sheets during the assembly process.^[@ref51]^ Several studies report smooth polyelectrolyte--GO multilayers with an average roughness of ca. 10--20% of the average film thickness, compared to ca. 25% in the case of a (GO/Ce/PP/Ce)~5~ film.^[@ref25]−[@ref27],[@ref53]^ However, these films are either very thin or have been dried with a gas flow between the deposition of the layers. We attribute the difference to the mechanical effect of drying as the polyelectrolyte multilayers based on electrostatic interactions are kinetically locked unless annealed by a high salt concentration.^[@ref77],[@ref78]^ We suggest that the reversible nature of metal coordination in our films manifests itself during the PP (and Ce) deposition, leading to smooth (PP/Ce) films and to the PP-termination effect in the (GO/Ce/PP/Ce) multilayers, but the GO sheets are too massive for a noticeable effect in the deposition time scale.

![Schematic presentation of a (GO/Ce/PP/Ce) multilayer (PP-terminated), the gradual evolution of roughness, and the suggested bonding scheme within the film. No attempt is made to show the actual PP chain length, GO sheet size or 3D structure; in the Ce coordination sphere (assumed coordination number = 8) O represents any oxygen-containing ligand (water, −O^--^, −P--O, COO).](la-2018-02784t_0006){#fig6}

Polymerization of Py and EDOT {#sec3.3}
-----------------------------

We have previously shown that both monomers, Py and EDOT, can be electrolessly polymerized on Ce/PP multilayers immersed in the monomer solutions, and we have presented a thorough kinetic analysis of the process.^[@ref38],[@ref39]^ The polymerization is coupled to the reduction of Ce(IV) to Ce(III) in the film, which can be followed at ca. 300 nm, and both processes obey pseudo-first order kinetics on (PP/Ce) multilayers. However, the formation of polyPy takes place much faster than that of PEDOT because of the high oxidation potential of the EDOT monomer. The process is self-limited and ends when all oxidant in the film is consumed.

The oxidizing capacity of (PP/Ce/GO/CE) multilayers was studied under similar conditions as in our earlier paper.^[@ref39]^ The effective oxidizing potential of a (PP/Ce/GO/PP)/Ce film at pH 1.5 was initially 1.1 V versus sodium saturated calomel electrode and leveled at a value of ca. 0.9 V, in good accordance with previous results, which shows that GO does not affect the oxidizing power of the films. Upon exposure to an acidic monomer solution (Py or EDOT), the absorbance decreases at around 300 nm and increases above 400 nm ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). The decrease is due to the reduction of Ce(IV) in the film and, at the same time, a polyPy or PEDOT film is formed on the multilayer in an oxidized state. The film attached strongly to the multilayer and is not washed away upon rinsing the cuvette. On the other hand, a (GO/Ce)~7~ multilayer could also polymerize Py, but both polyPy and the oxidative multilayer were removed upon rinsing ([Figures S21 and S22](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02784/suppl_file/la8b02784_si_001.pdf)). Cerium probably reduces the interactions between the GO sheets because the LbL films prepared from GO only are robust.^[@ref79]^

![Polymerization of (a) 10 mM Py and (b) 10 mM EDOT on a (GO/Ce/PP/Ce)~4~ multilayer on the walls of a quartz cuvette at pH 1.5. The color-coding of the time interval between the spectra shown (two colors indicate change reversal), and the first and the last spectra are shown with thicker lines; total reaction time was 3 h in (a) and 17.5 h in (b). The inset in (a) shows the PM-IRRAS spectra of the (GO/Ce/PP/Ce)~*n*~GO films with *n* = 2 (black lines) or *n* = 4) (blue) and (PP/Ce)~4~ (red) films before (solid lines) and after (dashed lines) Py polymerization.](la-2018-02784t_0007){#fig7}

The (PP/Ce/GO/Ce)~4~ film used in the polymerization experiments was considerably thicker (ca. 150 nm in a dry state) than the oxidative multilayers used earlier. However, also in this case, practically all Ce(IV) in the film was consumed, as can be seen from the spectra taken after the polymerization ([Figures S24 and S27](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02784/suppl_file/la8b02784_si_001.pdf)). The reaction time was longer than with thinner (PP/Ce) multilayers, requiring 3 h for Py and nearly 20 h for EDOT, but the amount of the formed polymer was also higher. The comparison with the spectra obtained using (PP/Ce)~5~ films showed that the four-tetralayer thick three-component film produced approximately twice the amount of polyPy and 4 times more PEDOT, that is, an increase of 25--150% per a nominal Ce-layer. The amount of active Ce(IV) in the film also increased by the factor of 3--6 (estimated from the absorbance change at 300 nm). The PM-IRRAS spectra of the (GO/Ce/PP/Ce)~*n*=2,4~GO and (PP/Ce)~4~ films are shown in the inset of [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a before and after the Py polymerization. Before the polymerization, the spectra are dominated by an unresolved wide band at 900--1300 cm^--1^. This range contains several phosphate group vibrations, for example, the ν~as,POP~ (1023 and 1110 cm^--1^), ν~as,PO~3~~, and ν~P=O~ (1250--1300 cm^--1^) stretching bands.^[@ref80],[@ref81]^ In addition, GO has several bands in this range, but the comparison of the spectra with and without GO shows that PP must be the main contributor in this range (the intensity is also proportional to the number of the PP layers in the film), together with some bands due to the Ce complexes. The bands at 1636 and 1420 cm^--1^ can be assigned to the C=C and C=O stretching or C--O deformation in GO, respectively.^[@ref26],[@ref69],[@ref82]^ In all cases, these bands disappear after the Py polymerization, and a small band assigned to the C=C stretching in the Py ring appears at 1573 cm^--1^,^[@ref83],[@ref84]^ which implies the formation of a uniform and thick polyPy film. Therefore, these thick oxidative layers are effective platforms for the electroless production of relatively thick conducting polymer films.

The kinetics of the Ce(IV) reduction, which is the primary redox reaction, and that of the subsequent polymerization reaction, were followed at 300 and 800 nm, respectively. Contrary to the previous results with thin films, the absorbance--time curves could not be well fitted by a simple pseudo-first order reaction but required two exponential terms (see [Figures S25 and S28](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02784/suppl_file/la8b02784_si_001.pdf)), and the resulting kinetic data are shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The first and second primary rate constants (measured at 300 nm) are higher than the polymerization constants (measured at 800 nm). The presence of two processes at both wavelengths, with time scales separated approximately by an order of magnitude, is an unexpected observation. Some indication of the nature of this process can be best obtained from the spectra obtained during the EDOT polymerization. The color-coded spectra at different stages of the process ([Figure S26](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02784/suppl_file/la8b02784_si_001.pdf)) reveal that there is a clear isosbestic point at ca. 460 nm up to approx. 30 minutes. After that, the point shifts toward lower wavelengths and later disappears. This implies that more than two chromophoric species \[Ce(IV) and "oxidized PEDOT"\] are present in the system. The spectra show that two peaks clearly emerge after a few hours at ca. 800 and 1100 nm. These bands are well in accordance with the two highest energy polaron bands in oxidized PEDOT.^[@ref85]^ With time, the band at 1100 nm decreases, and only a slowly growing band at ca. 800 remains. This can be interpreted as the formation of the bipolaron-type charge carriers from the polarons, and it indicates an increase in the oxidation level of PEDOT.^[@ref86]^ Therefore, the observed slower process corresponds to the further oxidation of the film after and simultaneously with the polymerization. This conclusion is supported by rate determination carried out at 950 nm, where the contribution from the two polaron bands is small. At this wavelength, a single exponential growth fits the data much better (but not perfectly). Similarly, during the polyPy film formation, bands are observed at ca. 430, 460, and 870 nm. They can be attributed to the band gap transition and the polaron and the bipolaron bands, respectively.^[@ref87]^ This suggests that the polymer formation process is generally biphasic on these thick films. First, the oxidation of the monomer M by Ce(IV) in the oxidative multilayer generates radical cations M^+•^, which couple to form polymer with polarons in the chain

###### Apparent Pseudo-First-Order Rate Constants Calculated from the Absorbance Changes at 300 and 800 nm in Py and EDOT Polymerization[a](#t2fn1){ref-type="table-fn"}

         *k*~app,1~ (300 nm)/10^--4^ s^--1^   *k*~app,2~ (800 nm)/10^--4^ s^--1^
  ------ ------------------------------------ ------------------------------------
  Py     83 ± 2                               60 ± 2
         10.9 ± 0.2                           4.5 ± 0.1
  EDOT   7.2 ± 0.4                            3.34 ± 0.05
         2.5 ± 0.1                            0.46 ± 0.02

Monomer concentrations 10 mM, pH 1.5.

This is the primary polymerization reaction. The secondary reaction involves the generation of bipolarons from polarons, either by the direct oxidation of polarons () or by the further formation of polarons in the neutral polymer chains and their subsequent disproportionation to bipolarons (2P^+•^ ⇌ BP^2+^ + M). The Ce(IV) consumption is also biphasic, which shows that primary polymerization loses importance at later stages. The rate constant of the second step is markedly lower at 800 nm (oxidized polymer) than at 300 nm (oxidant), which implies bipolaron formation mainly by the polaron coupling. In the previous study with thin films, it was concluded that the conducting polymer film can mediate electrons between the oxidant and monomers in solution.^[@ref39]^ In (GO/Ce/PP/Ce) films, the insulating GO layers probably slow down this intrafilm charge transfer and also hamper the diffusion of Ce(IV) within the film (GO can be reduced to a conducting form in these films, but this work will be presented in a forthcoming paper).

Conclusions {#sec4}
===========

LbL multilayers formed using a redox--active transition metal ion, for example, Ce(IV), and inorganic PP can be used as general oxidative platforms. Highly stable and rapidly growing oxidative (GO/Ce/PP/Ce) three-component films can be prepared by replacing every second PP layer with GO sheets in the (PP/Ce) films. The growth is initially exponential but levels off to a rapid linear growth after ca. 4--5 (GO/Ce/PP/Ce) tetralayers, and several hundred nanometer thick films can be obtained with only a few tetralayers. The composition and morphology of the films change with thickness. GO is the major component within the first tetralayer, but its mass fraction drops to 0.1--0.15 in the subsequent tetralayers, and Ce and PP dominate in thick films. The surface roughness also increases considerably with thickness, and the GO sheets are randomly oriented in thick multilayers. Both the (PP/Ce) and (GO/Ce/PP/Ce) films are based on reversible metal coordination between Ce and the oxygen-containing ligand groups in PP and GO.

The mechanical properties of the three-component films are greatly modified by the incorporated GO. Compared to the (PP/Ce) films, the shear storage modulus, which describes the film elasticity, increases more than twofold, while the loss modulus, reflecting the viscous nature of the film, remains unchanged. However, there is a distinct terminating layer effect because the loss modulus is close to zero in the PP-terminated (GO/Ce/PP/Ce) films. The improved elasticity can be attributed to a continuous network of strong GO sheets in the film, while PP brings ductility in the structure. The (GO/Ce) multilayers without PP are very brittle.

The (GO/Ce/PP/Ce) multilayers contain more cerium per nominal Ce-layer than the (PP/Ce) films and can be used to electrolessly polymerize conducting polymer films on their surface. Consequently, the formed polymer films are thicker, but their formation is slower. Contrary to the (PP/Ce) films, the polymerization kinetics on (GO/Ce/PP/Ce) multilayers is biphasic, and the slower process is attributed to the increase of the oxidation level of the conducting polymer film.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.langmuir.8b02784](http://pubs.acs.org/doi/abs/10.1021/acs.langmuir.8b02784).Experimental details, mass absorption coefficient of GO suspension, effect of aggregation on the GO spectrum, spectral and areal mass density changes during the (PP/Ce) film build-up, time dependence of areal mass density during the (GO/Ce/PP/Ce) film build-up, description of the method for the film composition estimation, mass absorption coefficients of different (Ce/PP/Ce) slices in (PP/Ce) films, observed and calculated spectral of different tetralayers in (GO/Ce/PP/Ce) films, AFM images of (GO/Ce/PP/Ce) films, XPS survey spectrum, imaginary and real parts of surface acoustic impedance, spectra and kinetic fits of the polymerization of Py and EDOT, build-up of a (GO/Ce) film, and polymerization of Py ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02784/suppl_file/la8b02784_si_001.pdf))
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